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ABSTRACT
Optically stimulated luminescence dates coupled with paleohydrological estimations
from lower Mississippi River (LMR) meander belts within the Yazoo Basin, MS provide new
insight into the geochronological and hydrologic history of the LMR throughout the Holocene
period. According to OSL dates, there are only three temporally equivalent LMR meandering
river regime sediment packages, and not five as previously assumed from past geochronological
research initiatives within the lower Mississippi Valley (LMV). The three geochronological
sediment packages from oldest to youngest are thus represented by the following LMR meander
belts: Early Holocene Chronostratigraphic Package – ca. 9.19 to 8.07 ka represented by the Stage
5 LMR meander belt (MB 5), Middle Holocene Chronostratigraphic Package – ca. 7.85 to 4.54.2 ka represented by the Stage 3 and Stage 4 LMR meander belts (MB 3 and MB 4), and Late
Holocene Chronostratigraphic Package – ca. 4.5-4.2 ka to present represented by the Stage 1 and
Stage 2 LMR meander belts (MB 1 and MB 2). Furthermore, paleohydrological estimations
constrained by OSL dates suggest that by ca. 9.19 to 8.07 ka the LMR had transitioned from a
braided river regime to a meandering river regime within the Yazoo Basin, MS where the
average bank-full discharge (AvgQbf) of the single active channel (MB 5) was equivalent to ~ 47,
000 m3/sec. From ~ ca. 6.96 to 4.5-4.2 ka, the LMR split its total available discharge between
two active channels (MB 3 and MB 4) in an approximate 50:50 ratio whose combined bank-full
discharge was equivalent to ~ 34,900 m3/sec. The LMR also split its total available discharge
between two active channels (MB 1 and MB 2) for an interpreted short period of time after ca.
4.5 ka where the estimated AvgQbf of MB 2 was equivalent to ~ 10,500 m3/sec representing ~
32% of the calculated average bank-full discharge of the modern LMR between Memphis, TN
and Vicksburg, MS.

viii

INTRODUCTION
Avulsion, is defined as the abandonment of all or part of a fluvial channel belt in favor of
a new advantageous course at a lower elevation on its adjacent flood plain (Allen, 1965;
Slingerland and Smith, 2004). Avulsion is the primary physical process that drives the spatial
and temporal redistribution of alluvial channel courses through time, controls local rates of
sediment accumulation, influences flood-basin topography and alluvial architecture, and
regulates sediment delivery to coastal regions (Slingerlind and Smith, 2004). Moreover, deposits
associated with avulsions comprise a substantial percentage of the sediments within incisedvalley fills (Aslan and Blum, 1999; Aslan et al., 2005). Even though avulsion is known to play
such a pivotal role in the development of modern fluvial systems and the ancient stratigraphic
rock record, our understanding of the physical processes governing avulsion remains limited
(Slingerland and Smith, 2004). In general, cross-valley gradient advantages are a necessary
condition, which is readily achieved through channel aggradation and construction of an elevated
alluvial ridge above the adjacent flood basin (Slingerland and Smith, 2004). However, such
conditions are present almost everywhere on low-gradient flood plains, yet avulsions tend to be
restricted to very specific locations within fluvial systems (Aslan et al., 2005). Moreover,
avulsions within delta plains may be functionally different from avulsions that occur far
upstream and removed from morphodynamic backwater effects associated with the marine basin.
Key questions to be addressed in studies of avulsions include:
1) Where do avulsions typically occur through time?
2) Are cross-valley gradient advantages the only necessary condition needed to drive a
successful avulsion?
3) What are the main physical forcing mechanisms that control the timing and spatial
location of any given avulsion?
4) What is the relative importance of pre-existing topography and lithologies in promoting
or limiting an avulsion?
5) How do drainage basin changes in water and sediment discharge affect the frequency and
timing of avulsions?
1

The lower Mississippi River (hereafter LMR) is the trunk stream for a continental-scale
drainage basin that routes water and sediment from much of North America to the Gulf of
Mexico basin. The LMR and the lower Mississippi alluvial valley (hereafter LMV) have played
key roles in development of many ideas in fluvial sedimentology, including concepts linked to
avulsion. The seminal work of Fisk (1944, 1951) first identified numerous cross-cutting channel
belts with braided and meandering planforms, and inferred avulsion as an important process.
However, Fisk (1944) inferred that braided stream deposition occurred during the latest
Pleistocene to middle Holocene period of sea-level rise, with the transition to a meandering
stream occurring during the middle to late Holocene only. Subsequent work by Saucier
(summarized in Saucier, 1994) provided a detailed map of LMV alluvial deposits, which
included differentiation of five to six cross-cutting meander belts that are most clearly
identifiable in the Yazoo Basin of Mississippi. Saucier (1994) also refined the geochronological
model of Fisk, largely based on radiocarbon ages from archaeological sites. He showed that the
transition between braided and meandering channels occurred during the latest Pleistocene, and
that meandering channels dominated the valley through the Holocene.
Although a number of studies have addressed avulsion in the LMV (Saucier, 1994;
Bridge, 1999; Aslan et al., 2005; Gouw, 2007; Gouw and Berendsen, 2007), most research on
LMR avulsion has focused on its significance to delta lobe switching and the relocation of delta
distributary channels, with less attention devoted to fully fluvial avulsions that occur in upstream
locations far removed from the delta region (Saucier, 1994; Roberts and Coleman, 1996;
Tornqvist et al., 1996 ; Roberts, 1997; Bridge, 1999; Aslan et al., 2005). Moreover, it is often
assumed that avulsions within the delta region are entirely autogenic (Bridge, 1999), and not
triggered by upstream controls on discharge and sediment supply. Understanding the linkages
2

between upstream and downstream avulsions remains essential for developing a comprehensive
model of flood-plain and delta-plain evolution.
Within this broader context, the main hypotheses of this thesis are:
1) Develop a revised chronological framework for Holocene meander belts in the Yazoo
Basin, MS using Optically Stimulated Luminescence dates (OSL), to test previous
models published by Saucier (1994);
2) Test whether the hydrology of the LMR has remained constant from ~ ca. 11.0 ka to the
present via paleohydrological estimations for the Holocene meander belts within the
Yazoo Basin of Mississippi;
3) Determine whether autogenic processes alone drove upstream Holocene LMR avulsions
within the St. Francis and Yazoo Basins by: (a) investigating the timing and frequency of
Holocene avulsions, and (b) examining whether the timing of avulsions corresponds with
climatically-driven allogenic processes controlling sediment and water discharge.
4) Test whether Pleistocene LMR Braid Belt sand and gravel deposits have a greater
influence on the location of avulsion nodes than previously recognized.
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BACKGROUND
The LMV
The modern Mississippi River is a sand-bed alluvial river (Fisk, 1944; Saucier, 1994;
Mossa, 1996; Nittrouer et al., 2008) that is the trunk stream for a drainage basin of 3,344,000
km2, representing about 41% of the 48 conterminous United States and extreme southern regions
of the Canadian Provinces of Alberta and Saskatchewan (Blum, 2007; Knox, 2007). More than
90% of the present day Mississippi River drainage is accounted for by four large tributaries: (i)
Missouri River (~ 45%), (ii) Upper Mississippi River (~ 17%), (iii) Ohio River (~ 15%), and (iv)
Arkansas River (~ 15%) (Knox, 2007). Under present-day conditions, supplies of water and
sediment for the LMR are asymmetrical because disproportionately large volumes of water are
contributed by the Ohio River while disproportionately large volumes of sediment are
contributed by the Missouri River (Blum, 2007; Knox, 2007). Less than one-fourth of the total
water and sediment for the LMR is derived from tributaries that join downstream of the
confluence with the Ohio River.
The LMV contains an extensive suite of fluvial and eolian deposits of Late Quaternary
age. The valley has been subdivided into six major basins that are separated by uplands covered
with Tertiary sediments, or by braided-stream terraces of Late Pleistocene age (Saucier, 1994).
From upstream to downstream, the major basins are: (i) the Western Lowlands, which is
dominated by late Pleistocene braided stream deposits of the Mississippi River; (ii) the Eastern
Lowlands and St. Francis Basin of Arkansas, which contains a succession of late Pleistocene
braided stream surfaces and deposits of the Mississippi and Ohio Rivers, as well as amalgamated
Holocene meander belts; (iii) the Yazoo Basin of Mississippi, which contains late Pleistocene
braided stream surfaces that are subaerial to the north, and dip below Holocene strata to the
south, as well as a succession of at least five distinct Holocene meander belts; (iv) the Boeuf
4

Basin of Louisiana, which contains late Pleistocene braided stream surfaces and deposits of the
Mississippi River as well as Holocene alluvial deposits of the Arkansas River; (v) the Tensas
Basin of Louisiana, which is comprised of late Pleistocene Mississippi River braided stream
surfaces and deposits as well as four distinct Mississippi River Holocene meander belts and their
associated deposits; (vi) the Atchafalaya Basin of Louisiana, which consists of three separate
Mississippi River Holocene meander belts and associated fine-grained flood-basin deposits (Fig.
1) (see Saucier, 1994).
It has long been recognized that evolution of the LMV was closely tied to sea-level
change, climate change, and glaciations (Fisk, 1944, 1951). The pioneering work of Fisk (1944)
identified a succession of terraces with relict braided channel patterns, as well as multiple
channel courses with meandering patterns. In Fisk’s evolutionary model, the LMV was incised
during the last glacial period of sea-level fall, and initially filled with braided stream deposits
during post-glacial sea-level rise, then with deposits associated with meandering streams during
the present sea-level highstand. Subsequent researchers have revised this model, beginning with
Saucier (1974, 1994) and continuing through the work of Rittenour et al. (2005, 2007). Present
understanding, based on optically stimulated luminescence (OSL) dating of Pleistocene deposits
within the northern LMV by Rittenour et al. (2005, 2007), is that the Mississippi River
maintained a meandering pattern during the last interglacial period, until ca. 80 ka or later, and
was transformed into a large proglacial braided stream during Oxygen Isotope Stage 4 glaciation,
ca. 65 ka. The Mississippi River maintained a braided pattern through the last glacial maximum,
and into the period of deglaciation, transforming back to a single-channel meandering regime by
ca. 11-10 ka.
During the glacial period, braided streams were graded to shorelines that were
significantly lower in elevation than those of the present highstand, and maintained valley and
5

Fig. 1. Geologic map of the Lower Mississippi Valley (LMV) modified from Saucier and Snead
(1989), showing the channel courses of lower Mississippi River Holocene meander belts and
associated backswamp environments along with local outcroppings of Pleistocene braid belt sand
and gravel deposits.
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channel slopes that were more than twice that of the present flood plain and channel (Rittenour et
al., 2005, 2007; Blum, 2007). With post-glacial sea-level rise, the valley filled, and braidedstream surfaces were progressively buried (onlapped) by an upstream-tapering wedge of
Holocene backswamp muds. As a result, glacial-period braided-stream deposits occur as terraces
through much of the northern LMV within the Western Lowlands, Eastern Lowlands, and
northern St. Francis basins (Fisk, 1944; Saucier, 1994; Blum et al., 2000; Ritenour et al., 2005,
2007) (Fig. 2). Younger topographically lower glacial-period braided stream surfaces and
deposits are onlapped by Holocene sediments to the south of Memphis, within the Yazoo Basin,
whereas older and topographically higher surfaces are onlapped farther downvalley within the
Tensas, and Atchafalaya Basins (Fisk, 1944; Saucier, 1994; Blum et al., 2000; Rittenour et al.
2005, 2007; Blum et al., 2008) (Fig. 1). The exact spatial positions of specific braided channelbelts in the subsurface are not known, and have only been inferred by tracing surficial deposits in
the northern LMV, where they have been dated with OSL techniques (Rittenour et al., 2005,
2007; Kesel, 2008), to the southern LMV, where they can be identified as the contact between
coarse sand and gravel and overlying organic-rich muds of inferred backswamp origin (Rittenour
et al., 2005, 2007; Blum, 2007; Blum et al., 2008). However, deposition of Holocene sediments
has occurred within the context of pre-existing topography formed during the glacial period, and
the geometries of glacial-period braided stream surfaces and deposits provide an important
boundary condition for Holocene fluvial processes and the accumulation of Holocene fluvial
deposits.
Loess deposits occur over much of the LMV uplands and Pleistocene braided- stream
surfaces (Saucier, 1994). Deposition of loess occurred during times of glacial meltwater routing
in the LMV, when strong north to northwest winds entrained vast quantities of silt from recently
deposited glacial outwash and transported the silt to the east and south (Krinitzsky and Turnbull,
7

Fig. 2. Geologic map and cross-section A to A’ taken across the Western Lowlands within the
upper LMV displaying terraced braided river deposits of the ancestral Pleistocene LMR and
coupled vertical offsets measured at the surface. Modified from Rittenour et al. (2005).
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1967; Snowden and Priddy, 1968; Pye and Johnson, 1988; McCraw and Autin, 1989; Autin et
al., 1991; Forman et al., 1992; Saucier, 1994). Loess provides an important boundary condition
in the LMV in at least 2 ways. First, loess deposits on Pleistocene surfaces increase their
elevation significantly (see Fig. 2), such that onlap of these surfaces is not strictly a matter of
Holocene aggradation to levels of late Pleistocene fluvial deposition. Second, reworking of loess
from adjacent uplands likely constitutes the most important source of silt for the Holocene LMR.
Study Site Description
The primary focus for this study is the Yazoo Basin of Mississippi, which (a) is located
in northwestern Mississippi, (b) is the largest subbasin within the LMV, and (c) represents the
transition between the northern LMV, where braided stream surfaces dominate the landscape,
and the southern LMV, where Holocene flood-plain and delta-plain deposits dominate. The
Yazoo Basin covers approximately 12,230 km2, extends approximately 300 km in the northsouth (downvalley) direction from Memphis, TN to Vicksburg, MS, and is > 90 km at the
latitude of Greenwood, MS (N33◦ 30’ 42.51”). The western flank of the Yazoo Basin is bounded
by the modern Mississippi River, whereas the eastern flank is bounded by Tertiary to Quaternary
uplands (Saucier 1994). The Yazoo Basin includes at least five distinct single-channel meander
belts as mapped by Saucier and Snead (1989) and Saucier (1994), and who informally referred to
as meander belts Stage 1 – Stage 5 (hereafter, [MB 1 – MB 5]). Less than 5% of the surficial
area consists of Pleistocene braided-stream sand and gravel deposits (Saucier 1994), although
considerable surface area consist of Holocene backswamp environments that cover late
Pleistocene braided stream surfaces.
Holocene LMR: Current Understanding
The Holocene stratigraphy and chronology of the LMV has been intensely explored,
beginning with Fisk (1944, 1951) then by Saucier (1994), however understanding of the regional
9

chronology remains limited. Fisk’s work predated the development of geochronological
techniques, whereas Saucier’s (1994) synthesis relied heavily on 14C dates from several previous
studies. These include (a) Thorne and Curry (1983), who sampled abandoned meandering LMR
channels within the Yazoo Basin, MS, which suffer from contamination of lignite and older
Pleistocene organic material (Blong and Gillespie, 1978; Autin et al., 1991; Saucier, 1994; Kesel,
2008), (b) Austin (1986), reported 14C ages for an abandoned channel interpreted to belong to
MB 3 just outside of Jonesville, LA, and (c) a number of 14C ages from archeological sites within
the LMV (e.g., Phillips et al., 1951; Ford and Webb, 1956; Brain, 1970; Phillips, 1970;
Connaway et al., 1977; Connaway, 1981), which represent minimum ages for associated LMR
meander belts.
Saucier (1994) supported his inferred ages with elevation differences between abandoned
alluvial belts and cross-cutting stratigraphic relationships (Fig. 1). However, even without
suitable dates for meander belt activity, Saucier (1994) suggested that numerous abandoned
meander belts and channels were actually tributaries flowing adjacent to the main channel at that
time. These tributaries were interpreted to carry less discharge than the active main channel, but
no detailed quantitative paleohydrological analysis was performed.
Subsequent research pertaining to the Holocene chronostratigraphy of the LMV was
conducted by Kidder et al. (2008), who examined archeological sites in the upper Tensas Basin
in an attempt to link periods of major human cultural transformations to landscape change caused
by: (a) LMR avulsions; (b) latest Pleistocene drainage basin reconfiguration at ~ ca. 12 – 11.5 ka
(Kennett and Shackleton, 1975; Flower et al., 2004); (c) major Holocene climate fluctuations
(Mayewski et al., 2004); (d) severe episodes of upper Mississippi River flooding (Knox, 1996,
1999, 2000, 2003); and (e) evidence of major flooding events inferred from marine cores taken
in the northern Gulf of Mexico (Brown et al., 1999). Kidder et al. (2008) concluded that the
10

Holocene LMV chronostratigraphy within the upper Tensas Basin did not diverge significantly
from Saucier (1994). Figure 3 summarizes current thinking on the chronology of channel belts
in the LMV.
More recent research on Holocene LMR deposits has focused primarily on: (i) the
alluvial architecture and interconnectedness of meandering channel-belts within the LMV
(Bridge, 1999; Gouw, 2007; Gouw and Berendsen, 2007; Gouw and Autin, 2008); (ii) flood
plain development and evolution within the southern LMV near Ferriday, Louisiana, and the Old
River diversion structure (Aslan and Autin, 1999; Kesel, 2008); (iii) studies of the physical
process of river avulsion (Bridge, 1999; Aslan et al., 2005; Tornqvist and Bridge, 2002); (iv)
sediment transport dynamics and bedform transport rates on downstream segments of the modern
LMR (Mossa, 1996; Nittrouer et al., 2008); (v) the effects of crustal flexure within the southern
LMV caused by sediment loading during the Holocene (Blum, 2008); and (vi) current sediment
supply of the present LMR and how this affects present coastal restoration efforts along the coast
of Louisiana (Blum and Roberts, 2009).
Avulsion Patterns, Styles, and Processes
Avulsion is commonly described with reference to large-scale spatial patterns, and
avulsion style. Numerous classifications of avulsion pattern and style have been introduced,
beginning with Leeder (1978) who defined nodal vs. random avulsions (Fig. 4). Nodal avulsions
can be located anywhere on a floodplain, but take place at a specific fixed point on that flood
plain, whereas random avulsions can occur anywhere along the active channel course. Heller
and Paola (1996) defined avulsions as local or regional based on the downstream distance over
which the newly created channel remains outside of its former progression down valley (Fig. 4).
Local avulsion is described as an avulsion that reoccupies its former channel course at some
point downstream of the avulsion location, whereas a regional avulsion forms an entirely new
11

Fig. 3. Chart showing the chronology of Holocene Mississippi River meander belts within the
Yazoo Basin, MS versus new interpretations for LMR events within the upper Tensas Basin, LA
reported by Kidder et al. (2008). Data from Autin et al. (1991), Saucier (1994), and Kidder et al.
(2008).
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channel adjacent to its former course and never reoccupies its former channel downstream of the
avulsion location (Heller and Paola, 1996). A robust review of the specific styles of avulsion can
be found in Slingerland and Smith (2004), and are summarized as follows:
(i) Avulsion by channel reoccupation, defined as when an active channel is captured or an
abandoned channel is reoccupied (Aslan and Blum, 1999; Morozova and Smith, 1999; Mohrig et
al., 2000; Aslan et al., 2005; Stouthamer, 2005; Jerolmack and Paola, 2007; Taha and Anderson,
2008);
(ii) Avulsion by incision, when scouring of a new channel course occurs within its own flood
plain (Mohrig et al., 2000);
(iii) Avulsion by progradation, whereby channel flow is diverted into its existing flood basin
coupled with large-scale depositional events (Aslan and Blum, 1999; Mohrig et al., 2000).
It is widely acknowledged that river avulsions can be driven by both autogenic and
allogenic processes (Beerbower, 1964; Holbrook et al., 2003; Stouthamer and Berendsen, 2007).
However, the magnitude, timing, and importance of autogenic vs. allogenic processes are poorly
understood (Holbrook and Schumm, 1999; Schumm et al., 2000; Bridge, 2003; Holbrook et al.,
2003; Stouthamer and Berendsen, 2007). Stouthamer and Berendsen (2007) synthesized all data
available on the timing of Holocene avulsions on the Rhine-Meuse system, and tested the
possible significance of autogenic or allogenic forcing mechanisms. They found that avulsions
on the Rhine-Meuse system did not have a constant inter-avulsion period (time between
consecutive avulsions), nor did their timing follow longer term climatic fluctuations. These
conclusions led Stouthamer and Berendsen (2007) to suggest that river avulsions occur under
unique conditions, and are likely driven by a combination of autogenic and allogenic forcing
mechanisms.
Avulsion in its simplest conceptual form is a function of the following general equation:

Sag + Ftr = CBa
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(1)

where:
Sag = geomorphological ‘setup’ condition where an elevated alluvial ridge exists
Ftr = overbank flooding event triggering channel bifurcation
CBa = channel bifurcation leading to successful avulsion event
The majority of numerical models and field-based research (e.g., Tornqvist, 1994; Bryant et al.,
1995; Mackey and Bridge, 1995; Slingerland and Smith, 1998, 2004; Bridge, 1999; Mohrig et
al., 2000; Stouthamer and Berendsen, 2000, 2001, 2007; Tornqvist and Bridge, 2002) have
focused on the initial autogenically-created setup conditions for avulsion. These studies were
motivated by the view that avulsion probability increases significantly during periods of rapid
aggradation and construction of an elevated alluvial ridge (Bryant et al., 1995; Heller and Paola,
1996; Slingerland and Smith, 2004). Three independent arguments developed from this basic
concept. The first focuses on the concept of gradient advantage, which can be defined as the
ratio between cross-valley and down-valley slope (slope ratio): avulsions occur when the slope
ratio crosses a critical threshold value (e.g. Mackey and Bridge, 1995; Slingerland and Smith,
1998, 2004; Tornqvist and Bridge, 2002). Slope ratios of > 8 (Slingerland and Smith, 1998) or
3-5 (Tornqvist and Bridge, 2002) have been identified as possible critical threshold values
necessary to drive a successful avulsion. The second argument focuses on superelevation,
whereby avulsion is driven by the difference between the levee crest and flood-plain surface
elevations (Bryant et al., 1995; Heller and Paola, 1996; Mohrig et al., 2000) (Fig. 5). In order to
compare multiple rivers located in different settings, the ratio between superelevation and bankfull channel depth is commonly used and is defined as normalized superelevation (Mohrig et al.,
2000; Swenson, 2005). Mohrig et al. (2000) calculated that critical threshold values for
normalized superelevation range from 0.6 – 1.1. The third argument is the channel-capacity
model of Makaske (2001), which suggests an increase in within-channel sedimentation limits
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water flow and sediment transport capacity, then flow diversion towards a cross-valley
orientation and channel bifurcation.
Somewhat unresolved is the importance of allogenically-controlled triggering events on
promoting or limiting river avulsions. Field based studies (e.g., Mohrig et al. 2000; Aslan et al.,
2005) suggest that cross-valley gradient advantages alone may not be capable of driving a
successful avulsion. For example, Aslan et al. (2005) measured slope ratios generally greater
than 30 along the LMR, both upstream and downstream of the Old River Structure, where the
LMR and Red River meet. Slope ratios > 30 are considerably greater than the numerically
derived critical threshold values reported by Slingerland and Smith (1998) and Tornqvist and
Bridge (2002), yet the frequency of avulsions along the LMR is quite low. These observations
led Aslan et al. (2005) to suggest cross-valley gradient advantages are not the primary driving
mechanism for LMR avulsions, and that triggering mechanisms likely play a more important role
in driving LMR avulsions than originally envisioned.
Alternative qualitative studies have investigated the role of active and abandoned
channels in capturing initiated river avulsions as they randomly walk down valley within their
own flood basins (Aslan and Blum, 1999; Aslan et al., 2005; Stouthamer, 2005; Taha and
Anderson, 2008). Moreover, Jerolmack and Paola (2007) quantitatively modeled this behavior
assuming sediment diffusion was the primary physical process (Pizzuto, 1987) driving vertical
aggradation of alluvial ridges beyond the normalized superelevation threshold values. Their
results suggest that avulsion by channel reoccupation is more probable once the initial channel
bifurcates and leaves behind an abandoned channel segment. The abandoned channel segment
will likely be reoccupied at a later point in time by either (a) crevasse splay progradation into the
flood basin driven by superelevation, or (b) lateral migration of the active channel to the point of
where it is in contact with the older abandoned channel segment. Moreover, field observations
15

Fig. 4. Diagram of the different types of avulsions where (A) represents avulsions that occur
from a fixed nodal location within its flood basin (Leeder 1979); (B) depicts the development of
‘random’ avulsion nodal development within its flood basin (Leeder 1979); (C) illustrates a
‘local avulsion’ that eventually reconnects with older abandoned channel segment downstream
of avulsion node (Heller and Paola 1996); and (D) represents a ‘regional avulsion’ where the
newly created channel segment never reconnects with abandoned older river channel
downstream of the avulsion node. Modified from Slingerland and Smith (2004), and Gouw
(2007).
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Fig. 5. Cross-sectional diagram displaying cross-valley slope, superelevaion (S), and bank-full
channel depth (Hbf) of a meandering channel belt (i.e. alluvial ridge), where ‘normalized
superelevation is equal to S/Hbf. After Bryant et al. (1995), Mohrig et al. (2000), and Gouw
(2007).
on the Rhine-Meuse Delta by Stouthamer and Berendsen (2000, 2007) found that the point of
avulsion node development (channel bifurcation) progressively moved upstream as sea-level rose
since the last glacial maximum. These studies support model predictions of Mackey and Bridge
(1995), where they explained the upstream shifting of avulsion nodal location to be the result of
(a) continued vertical aggrading alluvial ridge development upstream of point of avulsion nodal
development, and (b) the decreased probability of avulsion nodal development downstream of an
active avulsion because the newly created channel would have very low alluvial ridges and
therefore low cross-valley gradient advantages.
In summary, from observations and numerical models, cross-valley gradient advantages
are a necessary condition for driving initial channel bifurcation in single-channel meandering
systems (e.g. Bryant et al., 1995; Mackey and Bridge; 1995; Heller and Paola, 1996; Slingerland
and Smith, 1998, 2004; Bridge, 1999; Mohrig et al., 2000; Tornqvist and Bridge, 2002;
Jerolmack and Paola, 2007). However, as suggested by field-based studies, a variety of
sufficient conditions may be important. These include (i) the spatial location and importance of
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substrate on facilitating a successful avulsion, (ii) the evolutionary stage of valley filling, and
(iii) the importance of allogenic factors other than relative sea-level rise.
Paleohydrology
In practice, there are two frequently utilized methods for resolving former river
discharge: (i) through the analysis of preserved channel cross-sections or planform geometric
parameters that can be related to formative discharge through study of modern analogs, such as
meander wavelength, bank-full width, channel slope, and meander loop radius of curvature (e.g.,
Schumm, 1968; Dury, 1976, 1985; Alford and Holmes, 1985; Wohl, 1995); (ii) estimating
former discharges of relic fluvial channels through the use of the Chezy equation or its
derivatives (i.e. Chezy-Manning, d’Arcy-Weisbach, Chezy-Ganguillet-Kutter, Chezy-Bazin,
Chezy-Agroskin, and Chezy-Pavlovskii) (for full review, see Rotnicki, 1991, Wohl, 1998, Wohl
and Enzel, 1995). However, utilization of either of the above mentioned paleohydrological
estimation procedures is plagued by numerous problems and limitations.
Rotnicki (1991) found that discharge estimations for the modern Prosna River, Poland,
using published regression formulae created from modern systems, varied significantly between
different equations used. Garvin (2008) obtained similar widely divergent results from
paleodischarge estimations on Pleistocene age meandering channel deposits of the Trinity River,
Texas. The wide range of calculated discharges from the above studies likely stems from a
number of factors. The relationship between channel hydraulic and planform parameters and
bank-full discharge has been derived from both upstream and downstream hydraulic geometries,
but should rest on at-a-point measured hydraulic geometry (Rotnicki, 1991). Data used to create
any particular regression equation is very different, and may not be statistically significant or
representative (Rotnicki, 1991). The regression formulae were derived for rivers of varying
climatic zones with differing physiographic conditions within their drainage basins (Rotnicki,
18

1991). Hydraulic channel and planform geometric parameters may depend on a number of
variables not captured by any single formula derivation (Rotnicki, 1991). The equations are not
dimensionally balanced, and the answer is therefore assumed to take on the appropriate
dimensions. Also, variables that are measured and regressed may correlate in a statistical sense,
but they are not linked by process cause and effect. In summary, published regression formulae
are likely not universally applicable, and may only be useful for predicting discharges of rivers
from which they were created.
The Chezy equation and its derivatives are also limited, because they rely almost entirely
on the estimation of a correct friction coefficient, which is easily accomplished if the river you
are studying is active and one can establish the grain size distribution of the bed of the river. For
relic abandoned river channels, attaining a correct friction coefficient is more difficult and
perhaps impossible. Furthermore, the Chezy equation and its derivatives are not dimensionally
balanced and therefore the calculation attained is again assumed to take on the correct
dimensions for flow velocity, which is then transformed into a discharge value by multiplying
the flow velocity by measured channel cross-sectional area.
To circumvent the limitations of regression formulae and the Chezy equation and its
derivatives in paleohydrological estimations, this study utilizes an alternative to the Chezy
equation developed by Parker and Toro-Escobar (2002):

Cz

bf
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U
u

bf

∗bf

Q
=

B H
bf

bf

bf

(2)

g H bf S

where:
Czbf = is defined as the dimensionless Chezy resistance coefficient at bank-full
stage
Ubf = bank-full flow velocity
u*bf = shear velocity
Qbf = bank-full discharge
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Bbf = bank-full channel width
Hbf = bank-full channel depth
g = acceleration of gravity
S = hydraulic slope (channel slope)
Considering paleohydrological estimations, equation (2) is: (a) universally applicable to both
modern active meandering fluvial systems and preserved relic meandering abandoned channels;
(b) is dimensionally balanced; (c) can solve for Qbf directly; (d) values for Bbf, Hbf, and S are
generally attainable for both active fluvial systems and abandoned fluvial systems. However,
direct application to older paleochannels is not straightforward. For example, relic abandoned
channels are generally filled with sediment and water, hence determining a correct Hbf may
prove difficult without extensive sediment coring. Nevertheless, if Bbf, Hbf, and S can be
measured Czbf and Qbf will be the remaining unknowns required to solve equation (2) for
paleohydrological estimations. Estimated Czbf values can be determined by acknowledging
whether the fluvial system under scrutiny is a sand-bed or gravel-bed stream, and plotting the
determined S value on the Czbf versus S diagram from Parker (2007) (Fig. 6). In general, Czbf
values decrease significantly with increasing S for modern sand-bed and gravel-bed rivers.
Moreover, Czbf values for sand-bed streams range from 9 to 26 while gravel-bed streams Czbf
values range from 4 to 19 (Parker, 2007) (Fig. 6). Therefore, assuming that the physical laws
governing modern sand-bed and gravel-bed rivers have remained constant through time, equation
(2) can be solved for Qbf for both sand-bed and gravel-bed abandoned relic fluvial systems.
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Fig. 6. Graph of dimensionless Chezy frictional coefficient (Czbf) versus channel-slope (S) for
alluvial sand-bed and gravel-bed streams from around the world where Czbf increases as S
decreases. Modified from Parker (2007).
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METHODS
Satellite imagery with detailed maps (Saucier and Snead, 1989; Saucier, 1994) were
examined to identify and verify the five meander belts (MB 1 (pre-levee) – MB 5) within the
Yazoo Basin, MS (Fig. 1). Individual meander bends from MB 2 – MB 5 were targeted for
Optically Stimulated Luminescence (OSL) dating. OSL samples were collected from sediment
cores (< 15 m in depth) obtained using a Geoprobe push core drilling rig. This sampling strategy
was designed to assess the temporal range over which MB 2 – MB 5 were active, which could be
compared against the current chronostratagraphic model developed by Saucier (1994). The
sampling scheme also could be put into the present understanding of climatic conditions
throughout the Holocene within North America (Mayewski et al., 2004), periods of inferred
lower LMV ‘megaflooding’ events (Brown et al., 1999; Kesel, 2008), and the reported timing of
activity of Holocene LMR deltas (Tornqvist et al., 1996; Roberts, 1997).
Paleodischarge estimates were made using Equation (2), as published by Parker and
Toro-Escobar (2002). Satellite imagery coupled with cross-sections made from sediment cores
taken within the LMV published by Saucier (1964, 1979b), Saucier (1967, 1979a), and Saucier
and Kolb (1967, 1979) were used to measure planform bank-full widths (Bbf), bank-full depths
(Hbf), and channel-slopes (S) for MB 1 (pre-levee and post levee) through MB 5. For
consistency, Bbf, Hbf, and S measurements were taken between the latitudinal and longitudinal
coordinates found in Table 1 for MB 1 through MB 5 within the Yazoo Basin, MS, where data
availability permitted. Measurements for Bbf and Hbf were averaged in order to: (a) remain
consistent with S determinations, which represent the overall longitudinal S for each meander
belt within the Yazoo Basin, and (b) to gain an overall average cross-sectional area for each
individual LMR meander belt under scrutiny. Therefore, all paleohydrological estimations for
MB 2 – MB 5 via equation (2) were made using average Bbf and Hbf values thus reporting the
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inferred average bank-full discharge (AvgQbf). AvgQbf values for MB 2 – MB 5 were then
compared to the modern calculated AvgQbf for MB 1 in order to infer any periods of divergence
in estimated AvgQbf for Holocene LMR alluvial belts within the Yazoo Basin of Mississippi.
Table 1. The starting latitudinal/longitudinal and ending latitudinal/longitudinal coordinates,
where Bbf, Hbf, and S measurements were acquired for MB 1 through MB 5 within the Yazoo
Basin of Mississippi.
LMR Meander Belts:
Yazoo Basin, MS
MB 1 – (Pre-levee)
MB 1 – (Post-levee)
MB 2
MB 3
MB 4
MB 5

Start (Northern End)
Latitude and Longitude
35◦09’16.98”N, 90◦04’30.45”W
35◦09’16.98”N, 90◦04’30.45”W
34◦12’38.82”N, 90◦29’02.35”W
34◦14’19.62”N, 90◦39’42.04”W
33◦28’11.38”N, 90◦29’04.06”W
34◦37’14.69”N, 90◦19’23.91”W

Finish (Southern End)
Latitude and Longitude
to
to
to
to
to
to

32◦19’49.48”N, 90◦54’37.95”W
32◦19’49.48”N, 90◦54’37.95”W
32◦40’21.11”N, 90◦39’42.04”W
32◦58’55.33”N, 90◦29’04.06”W
33◦07’42.31”N, 90◦23’46.99”W
33◦05’10.23”N, 90◦16’36.53”W

Czbf Determination for MB 1 – MB 5
Bank-full discharge is generally considered to be the best measure of formative discharge
for perennial rivers in dynamic equilibrium (Wolman and Miller, 1959; Dury, 1961; Leopold et
al., 1964; Dunne and Leopold, 1978; Biedenharn et al., 2007). According to numerous authors
(Leopold et al., 1964; Carlston, 1965; Dury, 1973; Gregory, 1977; Dury, 1985; Knox, 1985;
Bridge, 2003), bank-full discharge for perennial rivers in the US midcontinent is best
approximated by the most probable annual flood, which is represented by the 1.58 year flood
event in a maximum annual flood series. The ~ 1.58 year flood recurrence discharge (Qbf) was
calculated for MB 1 (post-levee) using annual maximum flood series data from 1950 to 1980 for
the United States Geological Survey (USGS) and US Army Corps of Engineers (USACE)
gauging stations located at Memphis, TN, Helena, AR, Arkansas City, AR, Vicksburg, MS,
using the following equation from Bridge (2003):

RI ( x) =

m
( N + 1)

(3)
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where:
RI = recurrence interval of an associated discharge magnitude (yrs)
m = flood discharge rank (where m = 1 for largest magnitude event)
N = total number of years in maximum annual flood series
The annual maximum flood series data was restricted to the period from 1950 to 1980, because
this time period represents the most complete flood data record between all four gauging
stations. Next, the ~ 1.58 year floods for the four gauging stations were averaged to acquire an
AvgQbf for the modern LMR between Memphis, TN, to Vicksburg, MS. This value serves as a
basis for comparison with estimates of paleodischarge from older meander belts.
Values for Bbf were measured from satellite imagery (Fig. 7) for both pre-levee
(abandoned) and post-levee (active) channels for MB 1 between Memphis, TN and Vicksburg,
MS, and then averaged to attain a mean Bbf for MB 1 from Memphis, TN to Vicksburg, MS.
Measured Bbf values were acquired for MB 2 – MB 5 from abandoned channels exposed within
the Yazoo Basin study area (Fig. 1) using the procedures discussed in Figure 8. The Bbf values
obtained for MB 2 – MB 5 were then averaged to attain a mean Bbf for each individual alluvial
belt. Next, Hbf values were obtained from both cross-sections and sediment cores published in
Saucier (1964, 1967, 1979a, 1979b), and Saucier and Kolb (1967, 1979) for the MB 1 (pre-levee
and post-levee channels) between Memphis and Vicksburg as well as MB 2 – MB 5 within the
Yazoo Basin. The channel slopes (S) for MB 1 (pre-levee and post-levee) between Memphis and
Vicksburg, and MB 2 – MB 5 within the Yazoo Basin (Fig. 1) were determined according to the
procedures discussed in Figure 8.
Next, equation (2) was used to determine a specific Czbf value for MB 1 for both prelevee and post-levee conditions. Czbf values for MB 2 – MB 5 were obtained by plotting their
channel slopes against MB 1’s channel slope as well as other sand-bed rivers from around the
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world on a Czbf vs. S diagram (Figure 5) in order to determine the corresponding Czbf value to
use for paleohydrological estimations.

Fig. 7. Satellite images of the modern lower Mississippi River (LMR) displaying the procedure
used to measure planform bank-full width (Bbf) values via satellite imagery viewed in Envi 4.1
geographic software for MB 1 (pre-levee and post-levee), as well as MB 2 - MB 5 within the
Yazoo Basin, MS, where the horizontal distance of each solid red line represents an estimated
Bbf value for individual menader bends.
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Fig. 8. Satellite image of modern lower Mississippi River from Memphis, TN to Vicksburg, MS
illustrating the methods employed to calculate channel-slope (S) for MB 1 – MB 5.
channel slopes against MB 1 (both pre-levee and post-levee conditions) along with other alluvial
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The Pleistocene-Holocene Contact
Composite east-west cross-sections were constructed to define the Pleistocene-Holocene
contact at depth in the southern Yazoo Basin, and in the upper Boeuf-Tensas Basin, LA (Fig. 9).
This surface is assumed to represent passive deposition of Holocene fine-grained sediments onto
Pleistocene sand and gravel , as suggested by Tornqvist et al. (2004) and Blum et al. (2008). The
southern Yazoo Basin cross-section was built by linking published cross-sections from the Oak
Grove Quadrangle traverse A to A’ (Saucier, 1967), Mayersville Quadrangle traverse A to A’
(Saucier and Kolb, 1967), Lorenzen Quadrangle traverse B to B’ (Saucier, 1979a), and the
Bayland Quadrangle traverse A to A’ (Saucier, 1979a). The upper Boeuf-Tensas Basin crosssection was created by linking published cross-sections from the Waverly Quadrangle traverse A
to A’ (Saucier, 1967), Talla Bena Quadrangle traverse B to B’ (Saucier, 1979a), and Vicksburg
Quadrangle traverse B to B’ (Saucier, 1979a).
OSL Sampling of LMR MBs: Yazoo Basin, MS
Luminescence dating has proven useful for building chronostratigraphic models for
Quaternary deposits that possess little to no in situ organic material (i.e. aeolian dunes, beach
dunes, loess, and fluvial deposits) (e.g., Clarke et al., 1995; Kale et al., 2000; van Heteren et al.,
2000; Ivester et al., 2001; Wallinga et al., 2001; Berger et al., 2002; Forman et al., 2002; Berger,
2003; Berger et al., 2003; Rodnight et al., 2005). For the LMV, both thermoluminescence (TL)
dating of Pleistocene loess deposits (Forman et al., 1992, 2002) and optically stimulated
luminescence (OSL) dating of Pleistocene LMR braided river sand and gravel deposits
(Rittenour et al., 2005, 2007) have proven extremely consistent and reliable. In contrast, 14C
dating of Holocene LMR abandoned channel fluvial deposits within the Yazoo Basin, MS has
proven very inconsistent (Thorne and Curry, 1983; Autin et al., 1991; Saucier, 1994). Therefore,

27

OSL dating of MB 2 – MB 5 within the Yazoo Basin, MS was utilized in this thesis to
circumvent the problems associated with 14C dating in fluvial settings.
Rodnight et al. (2005) developed a sampling strategy from studies of the Klip River,
South Africa, which was designed to capture both the initial onset of activity for a single
meander loop and its subsequent termination of activity. Although the scale of landforms and
deposits within the LMV is significantly greater, this study employed a similar approach (Fig.
10). A total of nine sediment cores, up to 12 m in length, were collected within the Yazoo Basin,
Mississippi. As mapped by Saucier and Snead (1989) and Saucier (1994), MB 2 – MB 5 are
exposed at the surface within the Yazoo Basin, and were targeted for examination. Specific
sampling sites were identified from satellite imagery, such that the youngest scroll-bar and oldest
scroll-bar could be sampled. Every core was examined and described in terms of
sedimentological characteristics, in order to identify appropriate intervals to sample for OSL
dating. Samples were collected from the youngest individual cross-bed sets that displayed no
evidence for bioturbation, and therefore represent primary depositional fabric from a single
depositional event. All samples were wet sieved to capture the 150 – 250 micron grain size
fraction in a dark room at Louisiana State University to negate the possibility of bleaching by
solar and fluorescent light. Lastly, the nine samples were submitted to the Luminescence Dating
Research Laboratory at the University of Illinois at Chicago for dating.
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Fig. 9. Geologic map of the LMV from the central Yazoo Basin, MS to the extreme northern
portions of the Tensas Basin, LA displaying the locations of two composite cross-sections
created to track the Pleistocene-Holocene contact at depth. Also depicted are the locations and
interpreted timing of activity for Holocene LMR meander belts according to Saucier (1994).
Modified from Saucier and Snead (1989), and Saucier (1994).

Fig. 10. Diagram of the sampling strategy for optically stimulated luninescence (OSL) dating
techniques utilized to determine the initiation of meander loop activity (T1) and its subsequent
cessation of activity (T7). Modified from Rodnight et al. (2005).
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RESULTS
The objectives of this thesis are to first test Saucier’s (1994) chronologic model for LMR
Holocene meander belts (MB 2 – MB 5) using OSL dating techniques within the Yazoo Basin.
Secondly, paleohydrological estimations were conducted using equation (2) for LMR MB 2 –
MB 5, and compared to the OSL dates obtained in order to infer any divergence of AvgQbf
throughout the Holocene from modern MB 1 AvgQbf values. Also, the number and timing of
LMR river avulsions were inferred in order to test whether the identified LMR Holocene
avulsions were more closely linked to autogenic or allogenic forcing mechanisms. Lastly, the
influence that Pleistocene sand and gravel deposits have on promoting or limiting upstream LMR
avulsions within the St. Francis and Yazoo Basins was investigated.
OSL Geochronology for LMR MB 1 – MB 5: Yazoo Basin, MS
The locations of the sediment cores and MB 2 – MB 5 meander bends targeted for
analysis are displayed in Figure 11. Associated core descriptions with position of OSL samples
are illustrated in Figures 12 – 20, whereas Table 2 displays the absolute dates and characteristics
of the nine OSL samples taken from the Yazoo Basin, MS.
In general, all cores display a fining-upwards trend from coarser-grained (>= 150 to 250
micron) quartz-rich sands interpreted to represent point-bar deposition to fine-grained clays and
silty-clays interpreted to represent overbank floodplain deposition (Fig. 12 - 20). Each OSL
sample was collected within the youngest cross-bed sets containing fine to coarse-grained quartz
from interpreted upper-point bar facies (Fig. 12-20). OSL dates from MB 2 – MB 5 can be
summarized as follows (also Table 2):
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•
•
•
•

MB 2: ~ 9.19 to 4.45 ka
( from Sample #: Hm D2 = 9.19 ka; Hm P2 = 4.45 ka)
MB 3: ~ 7.85 to 4.32 ka
(from Sample #: Hm D3 = 7.85 ka; Hm P3 = 4.32 ka)
MB 4: ~ 6.96 to 4.21 ka
(from sample #: Hm D4-2 = 6.96 ka; Hm D4 = 4.21 ka; Hm P4 = 4.98 ka)
MB 5: ~ 9.0 to 8.07 ka
(from sample #: Hm D5 = 8.07 ka; Hm P5 = 9.0 ka)

Estimations of Qbf and Czbf for MB 1 – MB 5
Calculations of the ~ 1.58 year recurrence interval discharge magnitudes (bank-full
discharge magnitudes, Qbf) for MB 1 using equation (3), for the period 1950 to 1980, at USGS
and USACE gauging stations located in the Yazoo Basin are summarized in Appendix A.
Estimated 1.58 yr floods are as follows: Memphis, TN = 31,312 m3 s-1, Helena, AR = 29,102 m3
s-1, Arkansas City, AR = 35,081 m3 s-1, and Vicksburg, MS = 35,903 m3 s-1. The mean for MB 1
in the Yazoo Basin stations is therefore AvgQbf = 32,850 m3 s-1.
Measured values of Bbf, and Hbf for the MB 1 – MB 5 channels within the Yazoo Basin
are reported in Appendix B and C, whereas the AvgBbf, AvgHbf, and average channel crosssectional areas for MB 1 – MB 5 are reported in Table 3. Relative to the values calculated for
MB 1 (pre-levee period), estimated bank-full cross-sectional areas for the MB 2 – MB 4 channels
are 64% (MB 2) to 40% (MB 3) less than the MB 1 (pre-levee) calculated average bank-full
channel cross-sectional area, and the average bank-full channel cross-sectional area of MB 5 is ~
12% greater than the MB 1 (pre-levee) calculated average cross-sectional area.
Estimates of channel slope (S) are summarized in Table 4, and show that MB 3 (= 3.25 *
10-5) and MB 5 (= 3.64 * 10-5) channel slopes were slightly steeper than the MB 1 (pre-levee =
3.15 * 10-5). Slope for MB 2 (= 3.13 * 10-5) was ~ equal to the pre-levee MB 1 channel slope,
but MB 4 possessed the lowest channel slope (= 3.00 * 10-5), which is slightly lower than the
estimated pre-levee slope for MB 1. The greatest channel slope was recorded for the modern MB
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Fig. 11. Satellite images featuring the locations of the five meander loops and coupled coring
locations where OSL sampling was conducted within the Yazoo Basin, where (A) represents a
meander loop of MB 2, (B) corresponds to a meander loop of MB 3, (C) represents a meander
loop of MB 4, and (D) denotes a meander loop of MB 5.
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Table. 2. OSL ages and dose rates calculated from samples collected from lower Mississippi River meander belts in the Yazoo Basin, MS.

Sample

Depth of
Burial (m)

Latitude/
Longitude

Hm D2

9.8

Hm P2

11.1

Hm D3

3.4

Hm P3

11.1

Hm D4-2

3.0

Hm D4

5.7

Hm P4

3.2

Hm D5

7.3

Hm P5

2.6

N33° 35’ 16.1”
W90° 14’ 21.5”
N33° 36’ 12.1”
W90° 13’ 28.1”
N33° 22’ 51.0”
W90° 35’ 45.6”
N33° 21’ 14.5”
W90° 37’ 27.8”
N33° 14’ 10.8”
W90° 27’ 00.9”
N33° 13’ 37.8”
W90° 27’ 24.8”
N33° 14’ 00.0”
W90° 28’ 43.8”
N33° 42’ 15.3”
W90° 10’ 43.4”
N33° 43’ 00.5”
W90° 08’ 56.9”

Equivalent
Dose (Gray)

U
(ppm)

Th
(ppm)

K20
(ppm)

Cosmic
Dose rate
OSL age
(mGray/yr) (mGray/yr) (x 1000 yrs)

15.65 ± 0.97 0.6 ± .1 1.8 ± .1 1.66 ± .02

0.06 ± .01

1.70 ± .08

9.19 ± .9

10.80 ± 0.77 2.0 ± .1 6.4 ± .1 1.79 ± .02

0.06 ± .01

2.42 ± .11

4.45 ± .43

13.47 ± 0.74 0.7 ± .1 1.9 ± .1 1.57 ± .02

0.13 ± .01

1.71 ± .08

7.85 ± .72

10.25 ± 0.44 1.3 ± .1 4.1 ± .1 1.92 ± .02

0.06 ± .01

2.22 ± .11

4.32 ± .36

16.22 ± 0.68 1.2 ± .1 3.5 ± .1 2.04 ± .02

0.14 ± .01

2.33 ± .11

6.96 ± .57

10.19 ± 0.45 1.4 ± .1 5.1 ± .1 2.00 ± .02

0.10 ± .01

2.42 ± .11

4.21 ± .34

11.06 ± 0.66 1.1 ± .1 3.6 ± .1 1.93 ± .02

0.13 ± .01

2.22 ± .11

4.98 ± .46

15.08 ± 1.02 0.7 ± .1 2.0 ± .1 1.80 ± .02

0.08 ± .01

1.87 ± .09

8.07 ± .65

15.57 ± 0.68 0.6 ± .1 1.7 ± .1 1.61 ± .02

0.15 ± .01

1.73 ± .08

9.0 ± .79
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Fig. 12. Stratigraphic log of core Hm D2 collected from MB 2 within the Yazoo Basin reporting
the depth and stratigraphic horizon description this OSL sample was collected from (red
rectangle). This sample was collected within the coarsest stratigraphic horizon relative to all
other core logs reported in this study.
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Fig. 13. Stratigraphic log of core Hm P2 collected from MB 2 within the Yazoo Basin depicting
the depth and stratigraphic horizon the OSL sample was collected from (red rectangle).
Compared to core Hm D2, the thickness of the interpreted overbank deposits is ~ 3 m greater
even though both cores were collected from same meander bend.
35

Fig. 14. Stratigraphic log of core Hm D3 collected from MB 3 within the Yazoo Basin depicting
the depth and stratigraphic horizon the OSL sample was collected from (red rectangle). The
abve OSL sample was collected within a well preserved relatively fine grained cross-bed set.
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Fig. 15. Stratigraphic log of core Hm P3 collected from MB 3 within the Yazoo Basin depicting
the depth and stratigraphic horizon the OSL sample was collected from (red rectangle). The
above OSL sample was collected within a well preserved relatively fine grained cross-bed set,
and had a much thicker interpreted overbank horizon relative to core Hm D3 collected on the
same meander bend.
37

Fig. 16. Stratigraphic log of core Hm D4 collected from MB 4 within the Yazoo Basin depicting
the depth and stratigraphic horizon the OSL sample was collected from (red rectangle). The
above OSL sample was collected from the stratigraphically youngest perserved cross-bed set
interpreted from core description and analysis within an inferred point bar to upper point bar
sequence.
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Fig. 17. Stratigraphic log of core Hm D4-2 collected from MB 4 within the Yazoo Basin
depicting the depth and stratigraphic horizon the OSL sample was collected from (red rectangle).
The above OSL sample was collected from a stratigraphically younger MB 4 meander bend
relative to samples Hm P4 and Hm D4 within a well defined cross-bed set.
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Fig. 18. Stratigraphic log of core Hm P4 collected from MB 4 within the Yazoo Basin depicting
the depth and stratigraphic horizon the OSL sample was collected from (red rectangle). The
above OSL sample was collected from the stratigraphically youngest inferred cross-bed set
determined from core description and analysis.
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Fig. 19. Stratigraphic log of core Hm D5 collected from MB 5 within the Yazoo Basin depicting
the depth and stratigraphic horizon the OSL sample was collected from (red rectangle). The
above OSL sample was collected from the stratigraphically oldest inferred cross-bed set within
fine to medium grained sand.
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Fig. 20. Stratigraphic log of core Hm P5 collected from MB 5 within the Yazoo Basin depicting
the depth and stratigraphic horizon the OSL sample was collected from (red rectangle). The
above OSL sample was collected from a well preserved cross-bed set composed of fine to
medium grained sand within an inferred upper-point bar environment.
Table. 3. Measured average bank-full widths (AvgBbf), average bank-full heights (AvgHbf), and
average channel cross-sectional areas for MB 1 – MB 5 within the Yazoo Basin.

LMR MBs
AvgBbf AvgHbf Average Channel Cross-Sectional Area
(Yazoo Basin, MS)
(m)
(m)
(m2)
MB 1 (pre-levee)
MB 1 (post-levee)
MB 2
MB 3
MB 4
MB 5

1,117
1,177
519
782
652
1,156

23.5
24.6
18.4
20.1
21.5
25.9

26,249.5
28,954.2
9,549.6
15,718.2
14,018
29,940
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1 under post-levee conditions, at 7.73 * 10-5, due to a decrease in sinuosity imposed by artificial
levee development.
Estimates of Czbf values for MB 1, under both pre-levee and post-levee conditions were
14.7 and 8.3 respectively (Table 5). These values were then plotted against the calculated
channel slopes for MB 1 – MB 5 (Table 4) with other reported alluvial river values from Parker
(2007) on a Czbf vs. S diagram (Fig. 21). The channel slopes for MB 2 – MB 5 do not diverge
significantly from MB 1 (pre-levee) (Table 4), and therefore the calculated Czbf value of 14.7
from MB 1 (pre-levee) was used to calculate the AvgQbf for MB 2 – MB 5 (Table 6). Using a
Czbf value of 14.7, the AvgQbf calculation for MB 5 is ~ 30% greater than the AvgQbf for the
modern MB 1, which is consistent with estimates of a larger channel cross-sectional area
reported previously (Table 3). Paleohydrological calculations also suggest AvgQbf for MB 2,
MB 3, and MB 4 was less than MB 1, which is again consistent with estimates of smaller
average channel cross-sectional areas.
Offset of Pleistocene-Holocene Contact at Depth
Figures 22 and 23 present composite cross-sections from the southern Yazoo Basin and
the northern Boeuf-Tensas Basin that illustrate depth of the Pleistocene-Holocene contact. At
the surface in the northern LMV, vertical offsets as well as calculated different longitudinal
channel slopes were recognized by Rittenour et al. (2007) and Blum (2007) for interpreted LMR
braided stream terraces. Assuming that backswamp and floodbasin deposits, as mapped by
Saucier (1994), represent passive onlap of Holocene overbank fine grained sediments onto
coarser grained Pleistocene sand and gravel deposits, the vertical offsets between the Pleistocene
and Holocene contact captured in Figures 22 and 23 is the downvalley subsurface expression of
buried LMR Pleistocene terrace scarps investigated in the northern LMV by Rittenour et al.
(2007) and Blum (2007). Thus, during the Holocene evolution of the LMR meandering system
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the buried unconsolidated sand and gravel terrace scarps created the lateral boundaries for the
LMR floodplain (Figures 22 and 23).
Table. 4. Estimated channel-slopes (S) for lower Mississippi River MB 1 – MB 5 according to
the procedures outlined in Figure 8.
LMR MBs
Yazoo Basin,
MS

Segment
Measured
(N to S)

Lv
(km)

Rc
(km)

Sy

Z1
(m)

Z2
(m)

Lvs

S

343.97

1,207.68

3.51

64.0

26.0

1.10 E-4

3.15*10-5

343.97

492.19

1.43

64.0

26.0

1.10 E-4

7.73*10-5

165.6

729.9

4.41

50.3

27.4

1.38 E-4

3.13*10-5

153.4

608.8

3.97

48.8

29.0

1.29 E-4

3.25*10-5

40.7

143.9

3.54

36.6

32.3

1.06 E-4

3.00*10-5

142.7

560.7

3.93

54.9

34.5

1.43 E-4

3.64*10-5

MB 1

(Pre-levee)

35° 09’16.98”N
90° 04’30.45”W
to
32° 19’49.48”N
90° 54’37.95”W

(Post-levee)

35° 09’16.98”N
90° 04’30.45”W
to
32° 19’49.48”N
90° 54’37.95”W

MB 2

34° 12’38.82”N
90° 29’03.35”W
to
32° 40’21.11”N
90° 42’19.15”W

MB 3

34° 14’19.62”N
90° 39’42.04”W
to
32° 58’55.33”N
90° 29’04.06”W

MB 4

33° 28’11.38”N
90° 20’18.13”W
to
33° 07’42.31”N
90° 23’46.99”W

MB 5

34° 37’14.69”N
90° 19’23.91”W
to
33° 05’10.23”N
90° 16’36.53”W
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Table. 5. Calculated dimensionless Chezy frictional coefficient (Czbf) values for the modern
lower Mississipppi River under both pre-levee and post-levee conditions using equation (2).

Equation (2):

Qbf
Ubf =
u*bf Bbf Hbf g Hbf S

Czbf =

MB 1

AvgBbf
(m)

AvgHbf
(m)

S

AvgQbf
(m3/sec)

Czbf

Pre-Levee
Post-Levee

1,117
1,177

23.5
24.6

3.15*10-5
7.73*10-5

32,850
32,850

14.7
8.3

Figure. 21. Graph of Czbf vs. S where MB 1 (pre-levee and post-levee) is plotted against other
alluvial bed rivers from around the world (Fig. 6). Measured channel slopes for MB 2-MB 5 do
not diverge significantly from MB 1’s (pre-levee) channel slope. Therefore, a Czbf value equal
to 14. 7 (MB 1’s calculated Czbf ) was used to estimate paleodischarges for MB 2-MB 5.
Modified from Parker (2007).
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Table. 6. Paleohydrological estimations for LMR MB 2 – MB 5 within the Yazoo Basin.
Equation (2):

Qbf
Ubf =
=
Czbf
u*bf Bbf Hbf g Hbf S

LMR
MBs

AvgBbf
(m)

AvgHbf
(m)

S

AvgCzbf

AvgQbf
(m3/sec)

MB 2
MB 3
MB 4
MB 5

519
782
652
1,156

18.4
20.1
21.5
25.9

3.13*10-5
3.25*10-5
3.00*10-5
3.64*10-5

14.7
14.7
14.7
14.7

~ 10,500
~ 18,500
~ 16,400
~ 42,300
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Figure. 22. Composite cross-section across the southern Yazoo Basin, MS illustrating: (a) the Pleistocene-Holocene contact at depth
beneath passively deposited Holocene backswamp and flood basin deposits between different Holocene lower Mississippi River meander
belts represented by red rectangles; (b) apparent vertical offsets of the Pleistocene-Holocene contact. A to A’ modified from Saucier and
Kolb (1967); B to B’ modified from Saucier and Kolb (1979); C to C’modified from Saucier and Kolb (1979); D to D’ modified from
Saucier and Kolb (1979).
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Figure. 23. Composite cross-section across the nothern Tensas Basin, LA illustrating: (a) the Pleistocene-Holocene contact at depth
beneath passively deposited Holocene backswamp and flood basin deposits between different Holocene lower Mississippi River meander
belts represented by red rectangles; (b) measured apparent vertical offsets of the Pleistocene-Holocene contact. A to A’ modified from
Saucier (1967); B to B’ modified from Saucier (1979a); C to C’modified from Saucier (1979a). Location shown in Fig. 9
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DISCUSSION
New OSL Geochronology and Hydrology for MB 1 – MB 5: Yazoo Basin
All OSL ages except Hm D2 were in correct stratigraphic order within the range of
uncertainty expressed by error terms, and are assumed to be robust. An anomalous OSL age was
obtained from sample Hm D2, which would indicate that MB 2 was active as early as ~ 9.19 ka
(Table 1). However, from cross-cutting relationships, MB 2 is younger than MB 5 (Fig. 1). An
alternative interpretation would be that the sample was collected from MB 5 deposits, where they
are overlain unconformably by deposits associated with MB 2: this sample was acquired at a
coring depth of ~ 9 to 9.8 m (Fig. 12), the appropriate depth where the MB 2 and MB 5 deposits
might be in direct contact at that location (Fig. 11). Hence, sample Hm D2 is interpreted to
represent MB 5 rather than MB 2. Also, sample Hm P2 places the activity of MB 2 at 4.45 ±
0.43 ka, which is older than the youngest OSL age of 4.21 ± 0.34 ka for MB 4. However, from
cross-cutting relationships, MB 2 is younger than MB 4 (Fig. 1), and this discrepancy falls within
the reported error (Table 2): these OSL ages are interpreted to indicate that, MB 2 became active
at approximately the same time that MB 4 ceased activity, ca. 4.2-4.5 ka. Furthermore, no OSL
samples were collected from the modern MB 1 within the Yazoo Basin. However, the initial
onset of the activity for MB 1 is inferred to be =< 4.5-4.2 ka, since MB 1 deposits lie equal to or
above MB 2 deposits. Therefore, the interpreted timing of activity for the Holocene LMR
alluvial belts within the Yazoo Basin is as follows: (a) MB 5 = ca. 9.19 to 8.07 ka, (b) MB 4 =
ca. 7 to 4.5-4.2 ka, (c) MB 3 = ca. 7.85 to 4.32 ka, (d) MB 2 = ca. 4.5 to 4.2 ka, and (e) MB 1 =
ca. 4.5-4.2 ka to present.
OSL ages suggest there are only three distinct meander-belt packages within the Yazoo
Basin and not five to six as previously reported in Saucier (1994). Table 7 displays the
interpreted timing of the deposition of the Holocene packages. MB 5 is interpreted to have been
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Table. 7. Timing of deposition of Holocene LMR alluvial belt sediment packages within the
Yazoo Basin.

Late-Holocene
Middle Holocene
Early Holocene
Chronostratigraphic Package Chronostratigraphic Package Chronostratigraphic Package

MB 1 = 4.5-4.2 ka to present
MB 2 = 4.5-4.2 ka

MB 3 ~ 7.85 to 4.32 ka
MB 4 ~ 6.96 to 4.5-4.2 ka

MB 5 ~ 9.19 to 8.07 ka

the only active channel course during its period of activity possessing an AvgQbf = 42,300 m3 s-1,
which would be ~ 30% larger than modern values (Table 6). Larger estimated bankfull
discharges during the early Holocene might reflect (a) pulses of glacial meltwater from the
waning Laurentide Ice sheet that were routed into the Mississippi River system, (b) increased
precipitation over the drainage basin (Mayewski et al., 2004), or (c) some combination of the
two. MB 3 and MB 4 were active simultaneously from ~ 6.96 ka to 4.5-4.3 ka, and together
carried a combined total AvgQbf = 34,900 m3 s-1 split roughly equally between the two channel
courses (Table 6). Therefore, suggesting that by the middle Holocene bankfull discharge values
had approximately reached modern values (~ 32,850 m3 s-1), and have remained relatively stable
since that time (Table 6). MB 1 and MB 2 are interpreted to have been active simultaneously
from ~ 4.5 to 4.2 ka. Although, no OSL dates were obtained from MB 1 and it is therefore
unclear at this point whether or not MB 2 and MB 1 were active simultaneously. An alternative
hypothesis is that MB 2 was actually a distributary channel of MB 3 instead of MB 1. Only
further OSL dating of MB 5 – MB 1 within the Yazoo Basin will be able to unravel the absolute
timing of activity of MB 2 and MB 1. However, paleohydrological estimations suggest MB 2
possessed an AvgQbf = 10,500 m3 s-1, which is less than the calculated AvgQbf values obtained
for MB 5, MB 4, MB 3, and MB 1. This does support the interpretation that MB 2 was in fact a
distributary channel of either MB 1 or MB 3, and never routed 100% of all discharge available
during its time of activity.
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Upstream Holocene LMV Avulsion History: 2-D Perspective
At least four upstream avulsions occurred over the time period of concern for this study,
which created new and distinct mappable meander belts represented by MB 1 – MB 5.
Unfortunately, the timing and absolute location of initial channel bifurcation (avulsion node) is
difficult to unravel due to reworking of these deposits by subsequent fluvial activity (Fig. 1).
However, OSL ages coupled with the mapping of Holocene channel belts by Saucier (1994)
allows for the general area of avulsion nodal location to be inferred as well as avulsion
classification and style. OSL ages represent the time period when the channel belt was fully
active. Based on recent work by Aslan et al. (2005) on the Atchafalaya avulsion, it may take up
to 800 yrs to develop a channel belt after the avulsion begins, hence OSL ages represent
minimum ages for actual avulsion events. With these caveats, the chronostratigraphic
framework presented here provides an opportunity to examine and speculate on whether
upstream LMR avulsions are more closely linked to autogenic or allogenic processes.
The initiation of the first upstream Holocene LMR MB avulsion (UA 1) occurred ca. 8.7
~ when MB 5 bifurcated to the north of Memphis within the southern St. Francis Basin, which
led to the development of MB 3 (active from ~ 7.85 to 4.32 ka). This avulsion was a nodal local
avulsion (e.g. Leeder, (1978) and Heller and Paola, (1996)), which reconnected with MB 5 to the
north of Vicksburg within the Yazoo Basin (Fig. 24). The second upstream avulsion (UA 2) was
initiated at ca. 7.6 ka when MB 3 bifurcated to the southeast of Helena, AR, resulting in
development of MB 4. This avulsion reoccupied the abandoned MB 5 channel, and reconnected
with MB 3 north of Vicksburg (Fig. 24), and is interpreted to represent a random local avulsion.
Paleohydrology estimates suggest that when the newly created MB 4 channel reoccupied the
relic MB 5 channel it never successfully captured the full flow of the LMR, but instead captured
~ 50% of total available discharge and remained as a tributary that was active simultaneously
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with MB 3. Initiation of the third upstream avulsion (UA 3) occurred ca. 5.3 ka when MB 3
bifurcated for a second time to the north of Memphis within the southern St. Francis Basin,
which led to development of MB 1 (active 4.5-4.2 ka to present). This event is interpreted as a
nodal local avulsion, because it reconnected with MB 3 just north of Vicksburg (Fig. 24). The
fourth upstream avulsion (UA 4) transpired shortly after MB 1 became fully active at ca. 4.5-4.2
ka, and led to development of MB 2. This is interpreted to have been a random local avulsion,
which reoccupied the abandoned MB 4 channel and reconnected with MB 1 near Vicksburg.
Similar to MB 4, MB 2 never captured the full flow of the LMR and remained a tributary of MB
1 for its entire period of activity. Moreover, MB 2 only captured an estimated ~ 30% of the total
available LMR discharge.
The Holocene avulsion history for the LMR appears to differ from the large scale patterns
recognized on the Rhine-Meuse Delta by Stouthamer and Berendsen (2007). For example,
Stouthamer and Berendsen (2007) suggest that the point of avulsion initiation progressively
moved upstream from the middle to late Holocene on the Rhine-Meuse system, which matches
predictions in the numerical model of Mackey and Bridge (1995). The upstream propagation of
avulsion nodes appears to reflect continued growth of alluvial ridges and cross-valley slopes
upstream of the avulsion node, whereas new channel-belt segments downstream of the avulsion
node will have newly created low-relief alluvial ridges with a low probability of avulsion.
Conversely, for the Holocene LMR, each of the avulsions that occurred within the lower St.
Francis Basin (UA 1, and UA 3) were punctuated by a separate and perhaps unrelated avulsion
located far downstream within the Yazoo Basin (UA 2, and UA 4) (Fig. 24).
LMR Avulsions: Controls and Processes
Controls on avulsion processes remain to be explored. As discussed earlier, causal
mechanisms for avulsions can be viewed as autogenic vs. allogenic. The following discussion
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Figure. 24. Map of southern St. Francis Basin to southern boundary of Yazoo Basin depicting the
interpreted timing and locations of LMR Holocene avulsions. Included are the spatial locations
of MB 1 – MB 5 as well as their interpreted time of activity according to OSL dates taken from
the Yazoo Basin.
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does not discount the potential importance of autogenic self-organization and controls, but
instead highlights (a) links between the timing of avulsions and independently-identified climate
changes in the Mississippi drainage, (b) links between avulsion locations and local substrate
controls that reflect the inherited topography from the glacial-period incised valley, and (c) links
between periods of rapid sea-level rise and associated high rates of alluvial belt aggradation.
Figure 25 displays the interpreted timing of MB 1 – MB 5, and the inferred timing of the
initiation of UA 1 – UA 4 against published climatic changes throughout the Holocene. Climatic
evidence indicates that UA 1 initiated during a period of cooler and wetter conditions across the
Mississippi drainage, and during a time of rapid floodplain aggradation from ca. 8.7 to 7.9 ka
captured in core and radiocarbon analysis within the southern LMV interpreted as a period of
above average overbank flooding by Kesel (2008). Spatially, UA 1 is the northernmost
identified avulsion node, which is interpreted to have developed on top of the unconsolidated
sand and gravel deposits of the Morehouse/Kennett braid belt to the north of Memphis during
rapid sea-level rise, which forced alluvial belt aggradation via channel backfilling (Fig. 26 and
27). Initiation of UA 2 occurred at the onset of climatic conditions interpreted to be close to
current conditions across the Mississippi drainage, and after the interpreted period of above
average over bank flooding and rapid floodplain deposition from ca. 8.7 to 7.9 ka (Kesel, 2008)
(Fig. 25). Furthermore, UA 2 initiated far downstream from UA 1 within the Yazoo Basin, and
was driven by cross-valley gradient advantages existing between MB 3 and its adjacent
floodplain (Fig. 28). The cross-valley gradient advantages were amplified by (a) the vertical
elevation difference existing between the Kennett braid belt surface and MB 3’s eastern flanking
floodplain, and (b) rapid rates of sea-level rise forcing alluvial belt aggradation via channel
backfilling. Initiation of UA 3 occurred after a prolonged cooler and wetter climatic episode
from ca. 6-5 ka, within the Mississippi drainage (Fig. 25), and during a period of little to no large
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scale overbank flooding and fine-grain deposition within the southern LMV. Driving the
development of UA 3, were cross-valley gradient advantages existing between MB 3’s alluvial
ridge and its adjacent floodplain heightened by potential above average overbank flooding and
discharge during the interpreted cooler and wetter climatic episode (Fig. 29). Initiation of UA 4
occurred at the end of an interpreted cooler and wetter climatic episode across the Mississippi
drainage. Alluvial belt aggradation rates would have been much lower during the initiation of
UA 4 relative to UA 1 – UA 3 due to slow rates of sea-level rise by ca. 5 ka (Fig. 29). Thus,
large cross-valley gradient advantages likely did not exist during the initiation of UA 4. The
triggering of UA 4 was caused by an interpreted LMR ‘megaflooding’ event at ca. 4.5 ka, and its
development was aided by an interpreted period of intense overbank flooding from ca. 4.5-3 ka
(Fig. 25).
In conclusion, the timing of the initiation of UA 1 – UA 4 do not coincide directly with
observed large-scale climatic changes over the Mississippi drainage (Fig. 25). This observation
runs parallel with the analysis of the timing of avulsions on the Rhine Meuse Delta by
Stouthamer and Berendsen (2007). Moreover, Stouthamer and Berendsen (2007) found that the
inter-avulsion period between subsequent avulsions on the Rhine-Meuse system was not
constant, thus, leading to the conclusion that autogenic behavior alone was not driving every
individual avulsion, and that a very unique interaction between autogenic and allogenic
processes must exist to drive a successful avulsion. The timing of individual avulsions on the
LMR also do not show a constant inter-avulsion period again supporting the observations made
on the Rhine-Meuse system by Stouthamer and Berendsen (2007).
Contrary to the findings on the Rhine-Meuse system, is that the identified large scale
Holocene LMR MB avulsion patterns within upstream regions of the LMV (i.e. lower St. Francis
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Basin and Yazoo Basin) differ from numerical modeling (e.g., Mackey and Bridge, 1995) and
field studies conducted on the Rhine-Meuse Delta (Stouthamer and Berendsen, 2000, 2001,
2007). The probability of avulsions occurring downstream of an avulsion node do not lower as
supported by avulsions UA 2 and UA 4 within the Yazoo Basin. An explanation for this
discrepancy likely rests in (a) the spatial location and geometric configuration (i.e. elevation and
longitudinal slope profiles) of Pleistocene sand and gravel Braid Belt deposits within the LMV
coupled with (b) localized outcroppings of Paleozoic to Tertiary uplands creating local regions of
LMV confinement (i.e. Crowley’s Ridge). Figure 2 indicates that significant vertical offset
exists between surficially exposed Pleistocene Braid Belts in the northern Western Lowland
Basin, as identified by Rittenour et al. (2005, 2007). The same vertical offsets maintain their
integrity downvalley within the Yazoo Basin and northern Tensas Basin in Figures 22 and 23.
Moreover, since the LMR transitioned from a braided river regime to a single-channel
meandering river regime the preserved LMR MBs have preferentially built new meander belts
(via avulsions) on top of older sand and gravel Pleistocene Braid Belt deposits possessing steeper
longitudinal gradients (Rittenour et al., 2005, 2007; Blum, 2007) versus Holocene fine grained
backswamp/flood basin deposits. This study supports the argument that the large scale Holocene
LMR avulsion pattern is closely linked to the spatial positioning of relic Pleistocene Braid Belt
deposits, as originally proposed by Aslan et al (2005).
Observations from this study indicate that the absolute horizontal distance UA 1 (Fig. 24)
shifted upstream is significantly greater than numerical predictions (eg., Mackey and Bridge,
1995; Bridge, 1999) and observations from the Rhine-Meuse Delta (Stouthamer and Berendsen,
2000, 2001, 2007). A possible explanation for this observation may lie within further
investigation into the process of how LMV confining features (i.e. Crowley’s Ridge) affected the
LMR evolution throughout the Holocene. For example, a simple diffusive model for alluvial
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ridge and floodplain development (eg., Pizzuto, 1987) would predict that the alluvial ridge and
adjacent floodplain would aggrade faster within a smaller area (near Crowley’s ridge) versus
regions with very large wide floodplains such as the Yazoo Basin south of Crowley’s ridge.
Therefore, during periods of channel belt aggradation (i.e. during rapid sea-level rise) LMR
alluvial ridges within a smaller area could potentially reach the numerically derived avulsion
threshold slope ratios predicted by Slingerland and Smith (1998, 2004) and Tornqvist and Bridge
(2002), as well as the elevation of an adjacent Pleistocene Braid Belt surface before channel belt
segments located in relatively unconfined regions. Thus, potentially setting the stage for
avulsions that occur first (i.e. UA 1) within relatively confined LMV regions (i.e. southern St.
Francis Basin) onto more easily erodible adjacently located deposits, such as Pleistocene sand
and gravel braid belt deposits, followed by a second avulsion (i.e. UA 2) that occurs on the same
meander belt downstream of the first upstream avulsion in a relatively unconfined LMV regions
(i.e. Yazoo Basin). That is potentially initiated by large slope ratios existing between the newly
formed meander belt and the adjacent floodplain. A large slope ratio would exist in the
downstream located unconfined region because the alluvial ridge and floodplain of the original
channel (before avulsion) would not yet have aggraded to the elevation of the adjacent
Pleistocene surface within the relatively unconfined region.
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Fig. 25. Chart illustrating the different inferred LMR related events from this study within the
St. Francis and Yazoo Basins from ca. 14.0 ka to present against published evidence of climatic
changes over North America, and periods of interpreted above normal flooding within the
southern LMV.
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Fig. 26. Schematic paleogeographical representation of MB 5 at ~ 9.0 ka BP from north of
present day Memphis to present day Vicksburg displaying the vertical offsets of the Pleistocene
LMR braided river surfaces conserved from surface measurements taken from Rittenour et al.
(2005, 2007), and subsurface measurements from Figures 22 and 23. Included is northern Gulf of
Mexico sea-level curves from the Texas and Alabama coasts (Morton et al., 2000; and Blum et
al., 2001, 2002, 2003), and the Mississippi delta region (Tornqvist et al., 2004, 2006). Sea-Level
curves modified from Blum et al. 2008.
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Fig. 27. Schematic representation of the completed avulsion of the MB 5 to MB 3 at ~ 8.6 ka
during rapid rates of sea-level rise forcing the aggradation of MB 5 to the top of the Kennett
Braid Belt north of Memphis. Included is an interpretation of MB 3 floodplain development and
alluvial ridge growth emphasizing how the process of avulsion helps to spread and store
sediment both locally and regionally through time. Sea-level curves modified from Blum et al.
2008.
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Fig. 28. Schematic depiction of the MB 3 to MB 4 avulsion occurring during accelerated rates of
sea-level rise. Articulated in this diagram is the tendency of river avulsions to take advantage of
slope ratios and older Holocene abandoned channels located in flanking flood basins as the
channel randomly walks down-valley. Sea-level curves modified from Blum et al. 2008.
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Fig. 29. Schematic illustration of the MB 3 to MB 1 and MB 1 to MB 2 avulsions. Also, depicted
is the tendency of Holocene LMR alluvial belts to take advantage of Pleistocene LMR braided
river surfaces as the floodplain and alluvial ridges build to the elevation of the next highest
braided surface and also the inclination towards reoccupying older Holocene abandoned
channels. Sea-level curves modified from Blum et al. 2008).
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SUMMARY AND CONCLUSIONS
The lower Mississippi River has long-served as an icon within the fluvial geomorphology
and sedimentology community, and is known to have a complex history that reflects glacial vs.
interglacial climate change, sea-level change, and avulsion dynamics. This thesis focused on the
Holocene record of avulsion history within the alluvial valley, upstream from direct influences of
sea-level rise and delta plain dynamics, so as to address the following questions:
1) Where do avulsions typically occur through time?
2) Are cross-valley gradient advantages the only necessary condition needed to drive a
successful avulsion?
3) What are the main physical forcing mechanisms that control the timing and spatial
location of any given avulsion?
4) What is the relative importance of pre-existing topography and lithologies in promoting
or limiting an avulsion?
5) How do drainage basin changes in water and sediment discharge affect the frequency and
timing of avulsions?
The questions above were addressed through: (a) determining the timing of activity of Holocene
MBs within the Yazoo Basin through OSL ages, (b) calculating the hydrological regimes of
dated Holocene MBs, (c) interpreting the timing of the avulsions that created new MBs, (d)
analyzing allogenic processes in an attempt to unravel the forcing mechanisms that influenced
the Holocene avulsion history of the LMR, and (e) examining the spatial and geometric
importance of pre-existing Pleistocene sand and gravel deposits on promoting or limiting
Holocene avulsions within the LMV.
The lower Mississippi River was transformed from a glacial-period braided channel
transporting outwash and meltwater into a single-channel meandering river during the latest
Pleistocene to early Holocene. Based on previous work, the transition from a glacial-period
braided to the interglacial meandering river regime was promoted by the loss of stream power
caused by: (a) decrease in discharge and loss of a coarse-grained sediment source due to retreat
of the Laurentide Ice Sheet ca. 12.0-11.5 ka (Kennett and Shackleton, 1975, Flower et al., 2004),
63

(b) decrease in the down-valley channel slope due to valley aggradation induced by rapid rates of
sea-level rise, beginning ca. 11.0 ka, and (c) integration of a large volume of silt-sized sediment
derived from reworking of loess deposits throughout the LMR drainage. Although this transition
likely took place over several millennia, and was time-transgressive, within the Yazoo Basin
study area, OSL ages from this study show this transition was complete by ca. 9.2 ka.
Previous mapping in the LMV by Saucier (1994) has suggested five distinct meander
belts within the Yazoo Basin. Although the five channel courses that have been mapped
previously are clearly recognizable, OSL ages and some remapping indicates that flow was split
between multiple channel courses, such that there are only three chronostratigraphicallysignificant meandering river sediment packages within the study area. MB 5 was active as one
distinct channel carrying all available flow from ca. 9.2-8.1 ka, whereas total discharge was split
between MB 4 and MB 3 from ca. 7 to 4.5-4.2 ka, and between MB 1 and MB 2 after ca. 4.5 ka.
The upstream history of channel-belt evolution is punctuated by at least four avulsions (UA 1 –
UA 4): each avulsion would have likely required the necessary set-up condition of some type of
cross-valley gradient advantage. The initiation of UA 1 is interpreted to reflect aggradation of an
elevated alluvial ridge forced by high rates of sea-level rise, but the actual avulsion may have
been triggered and maintained by sustained periods of higher frequency flooding within the
LMR drainage. Initiation of UA 2 was driven by cross-valley gradient advantages driven by
aggradation of an elevated alluvial ridge forced by continued high rates of sea-level rise
heightened by the vertical offset existing between the Pleistocene Kennett braid belt surface and
MB 3’s eastern flanking floodplain. Initiation of UA 3 and UA 4 post-date rapid sea-level rise
and the period of rapid valley aggradation, therefore, suggesting slope ratios may not have
reached critical threshold values. Instead, initiation of UA 3 occurred at the end of an overall
cooler and wetter climatic episode within the Mississippi Drainage, which likely had periods of
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higher frequency flooding within the LMR drainage that triggered and maintained this avulsion.
Initiation of UA 4 is interpreted to have been triggered by a ‘megaflooding’ event and
maintained by periods of higher frequency flooding within the LMR drainage.
Paleohydrological estimates from this study indicate that average bankfull discharge for
early Holocene MB 5 was ~ 30% greater than modern values. Higher values are attributed to
(a) pulses of glacial meltwater from the waning Laurentide Ice sheet that were routed into the
Mississippi River system, (b) increased precipitation over the drainage basin, or (c) some
combination of the two. By ca. 7 ka, the estimated total average bankfull discharge was nearly
equivalent to present day value, and has remained relatively stable through the middle to late
Holocene. However, during this time period, flow was split between two active courses. During
the middle Holocene, paleohydrological estimates suggest that flow was split evenly between
MB 4 and MB 3, whereas during the late Holocene, MB 1 carried ~ 68% of the total available
discharge, and MB 2 carried the remaining ~ 32%. The estimates for MB 5 agree with
independent evidence for paleoclimate change in the Mississippi drainage. For the entire time of
activity of MB 5, the Mississippi drainage was in a period of cooler and wetter climate
conditions punctuated by an interpreted period of above average overbank flooding events from
ca. 8.7-8 ka . Contrary to MB 5, MB 4 and MB 3 were active for approximately 3.8 ka yrs (from
ca. 7 to 4.5-4.2 ka), and approximately 2.8 ka yrs of this time was spent in climate conditions
similar to the present thus suggesting the total average discharge should be less than MB 5’s as
indicated from paleohydrological estimations. Hydrology estimates for MB 1 were collected
during present climatic conditions, and are ~ equivalent with estimates for the combined flow of
MB 3 and MB 4. Independent evidence for paleoclimate change in the Mississippi drainage
suggest MB 1 was active during four interpreted periods of wetter and cooler climatic conditions,
and therefore potentially may have carried a larger discharge in its past. However, it is
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impossible to rectify this because the LMR has adjusted its channel dimensions to carry its
current sediment and water discharge, and there are no dated MB 1 channels from the interpreted
cooler and wetter climatic episodes to conduct paleohydrological estimations.
This thesis reveals that all Holocene avulsions are likely not driven solely by autogenic or
allogenic processes alone, but that a unique combination of the two forcing mechanisms seems to
tip the scales in favor of driving a successful avulsion. This conclusion runs parallel to the
findings of Stouthamer and Berendsen (2007) for the Rhine-Meuse system during the Holocene.
However, understanding the discrepancy between the large scale avulsion pattern observed in
this study versus numerically derived predictions of Mackey and Bridge (1995), which are
supported by field observations on Holocene avulsion patterns on the Rhine-Meuse Delta, will
require further investigation of: (a) the spatial location and geometric configuration (i.e.
elevation and longitudinal profiles) of Pleistocene sandy and gravely braided-stream deposits
within the LMV; coupled with (b) the affects of localized outcrops of Paleozoic to Tertiary
uplands creating regions of LMV confinement (i.e. Crowley’s Ridge). Moreover, research must
be conducted on (a) how fine-grained floodplain deposits vs. coarse-grained sand and gravel
limit or promote original avulsion node development and subsequent full channel belt
development downstream of the avulsion node, and (b) quantitative estimations of channel belt
aggradation rates far upstream from the delta plain to test whether necessary critical threshold
slope ratios were achieved to drive a successful avulsion.
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APPENDIX A: LMR MAXIMUM ANNUAL DISCHARGE: 1950 TO 1980

Table 1. LMR 1.58 Recurrence Interval estimation for the USACE gauging station at Memphis,
TN from 1950 to 1980.
(from http://www.mvm.usace.army.mil/hydraulics/docs/historic.htm).

Calendar Maximum Annual Flood Rank Recurrence Interval
Year
Discharge
(m)
(yrs)
3
(N = 30) (m /sec)
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980

44,404
34,344
37,489
23,888
17,767
35,194
28,677
N/A
27,402
25,050
32,105
41,116
36,299
37,008
32,871
31,312
26,325
28,563
25,843
32,077
32,304
33,636
32,672
46,274
42,222
49,872
24,370
26,410
37,291
43,752
35,449

3
13
7
29
30
12
21
N/A
23
27
18
6
10
9
15
20
25
22
26
19
17
14
16
2
5
1
28
24
8
4
11
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10.33
2.38
4.43
1.07
1.03
2.58
1.48
N/A
1.35
1.15
1.72
5.17
3.10
3.44
2.07
1.55
1.24
1.41
1.19
1.63
1.82
2.21
1.94
15.50
6.20
31.00
1.11
1.29
3.88
7.75
2.82

Table. 2. LMR 1.58 Recurrence Interval estimation for the USACE gauging station at Helena,
AR from 1950 to 1980.
(from http://www.mvm.usace.army.mil/hydraulics/docs/historic.htm)

Calendar Maximum Annual Flood Rank Recurrence Interval
Year
Discharge
(m)
(yrs)
(N = 29) (m3/sec)
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980

46,472
33,324
38,680
24,511
17,625
36,781
28,875
29,102
28,932
25,361
32,190
N/A
N/A
37,659
33,862
32,275
27,543
28,960
26,608
32,729
33,126
34,826
32,644
45,905
42,420
50,099
26,296
27,260
36,328
46,585
35,619

3
13
6
28
29
8
22
19
21
27
18
N/A
N/A
7
12
17
23
20
25
15
14
11
16
4
5
1
26
24
9
2
10
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10.00
2.31
5.00
1.07
1.03
3.75
1.36
1.58
1.43
1.11
1.67
N/A
N/A
4.29
2.50
1.76
1.30
1.50
1.20
2.00
2.14
2.73
1.88
7.50
6.00
30.00
1.15
1.25
3.33
15.00
3.00

Table. 3. LMR 1.58 Recurrence Interval estimation for the USGS gauging station at Arkansas
City, AR from 1950 to 1980.
(from: http://nwis.waterdata.usgs.gov/ar/nwis/peak?site_no=07265450&agency_cd=USGS&format=html).

Calendar Maximum Annual Flood Rank Recurrence Interval
Year
Discharge
(m)
(yrs)
(N = 31) (m3/sec)
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980

50,751
37,688
38,935
28,252
19,751
37,263
31,737
38,113
33,777
27,458
32,899
46,812
40,606
38,424
36,129
35,081
29,952
29,668
31,907
39,955
38,254
35,789
35,194
53,273
42,222
52,168
28,393
26,891
37,093
51,318
35,676

4
13
9
28
31
14
24
12
21
29
22
5
7
10
16
20
25
26
23
8
11
17
19
1
6
2
27
30
15
3
18

79

8.00
2.46
3.56
1.14
1.03
2.29
1.33
2.67
1.52
1.10
1.45
6.40
4.57
3.20
2.00
1.60
1.28
1.23
1.39
4.00
2.91
1.88
1.68
32.00
5.33
16.00
1.19
1.07
2.13
10.67
1.78

Table. 4. LMR 1.58 Recurrence Interval estimation for the USGS gauging station at Vicksburg,
MS from 1950 to 1980.
(from: http://nwis.waterdata.usgs.gov/ms/nwis/peak?site_no=07289000&agency_cd=USGS&format=html)

Calendar Maximum Annual Flood Rank Recurrence Interval
Year
Discharge
(m)
(yrs)
(N = 31) (m3/sec)
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980

53,160
38,424
38,765
27,855
20,006
36,328
31,397
37,178
33,749
27,685
31,170
44,715
40,663
37,801
35,903
36,384
31,312
29,328
32,814
39,785
36,951
37,319
38,169
55,596
43,242
52,111
28,790
27,770
38,254
47,889
38,821

2
11
10
28
31
19
23
16
21
30
25
5
7
14
20
18
24
26
22
8
17
15
13
1
6
3
27
29
12
4
9

80

16.00
2.91
3.20
1.14
1.03
1.68
1.39
2.00
1.52
1.07
1.28
6.40
4.57
2.29
1.60
1.78
1.33
1.23
1.45
4.00
1.88
2.13
2.46
32.00
5.33
10.67
1.19
1.10
2.67
8.00
3.56

APPENDIX B: LMR MB 1 – MB 5 BANK-FULL WIDTH MEASUREMENTS:
YAZOO BASIN
Table. 1. Post-levee Bbf values for MB 1 measured from Memphis, TN to Vicksburg, MS

Avg.
Bbf (m)

Bbf
Values
(m)
1,073
1,231
924
1,819
830
1,086
1,675
1,779
1,503
1,390
1,124
781
1,735
841
1,399
836
1,845
968
1,466
1,210
1,733
1,161
945
1,500
815
1,063
639
956
1,080
1,638
940
955
1,750
1,371
1,271

950
1,134
1,240
1,623
569
1,492
832
1,515
1,425
674
1,710
677
1,325
880
767
1,623
698
990
890
1,312
1,336
1,317
1,418
1,328
1,671
828
1,189
1,194
1,475
908
1,128
1,024
1,380
1,262
1,564

848
840
1,415
1,266
1,510
868
1,464
745
1,124
1,105
1,095
849
954
1,315
1,648
851
941
1,196
1,473
1,383
1,440
1,519
817
1,821
750
1,490
1,066
1,377
765

81

= 1,177

Table. 2. Pre-levee Bbf values for MB 1 measured from Memphis, TN to Vicksburg, MS

Bbf
Values
(m)
1,435
711
912
1,614
904
816
1,643
968
853
1,691
936
757
1,118
1,149
948
1,044
819
1,095
1,656
1,200
690
1,513
1,119
799
1,700
864
895
1,656
778
838
1,479
1,027
1,065
1,689
839
981
1,552
686
945

826
1,426
841
1,427
1,097
2,059
976
804
1,525
1,009
1,007
1,065
760
1,698
957
862
1,292
930
1,460
1,020
914
1,545
900
978
1,082
728
653
1,460
872
953
1,358
819
647
1,149
911
947
870
1,314
1,960

Avg.
Bbf (m)
1,469
733
753
785
931
1,530
2,059
942
1,084
1,566
903
1,469
913
961
1,398
1,157
1,014
1,450
1,042
1,496
1,115
880
1,993
1,070
1,812
912
855
1,715
739
624
820
883
1,211
811

82

= 1,117

Table. 3. Planform measured Bbf values from preserved relic MB 2: Yazoo Basin, MS

Bbf Values
(m)
580
619
519
423
448
446
444
544
412
386
656
456
367
608
439

881
483
490
528
342
424
675
448
660
810
398
539
595
383
323

Avg.
Bbf (m)
569
403
539
700
559
453
706
470
386
547
491
630

= 519

Table. 4. Planform measured Bbf values from preserved relic LMR MB 3: Yazoo Basin,
MS

Bbf Values
(m)
1,129
753
802
624
946
750
919
973
825
1,054
664

694
842
858
614
899
591
856
681
640
901
378

Avg.
Bbf (m)
386
956
613
943
598
720
920
866
841

83

= 782

Table. 5. Planform measured Bbf values from preserved relic LMR MB 4: Yazoo Basin,
MS

Bbf Values
(m)
680
643
620
375
411
658
385
579
710
856
763

424
927
659
810
701
861
630
560
565
963
806

Avg.
Bbf (m)
505
838
662
856
510
489
654
373
871
598
511

= 652

Table. 6. Planform measured Bbf values from preserved relic LMR MB 5: Yazoo Basin,
MS

Bbf Values
(m)
1,997
1,362
1,107
1,066
1,182
1,050
1,144
1,024
1,411
945

1,053
1,257
1,084
1,153
1,182
1,197
1,080
1,025
973
1,256

Avg.
Bbf (m)
747
830
1,386
1,392
1,205
1,346
1,016
724
1,346

84

= 1,156

APPENDIX C: LMR MB 1 – MB 5 BANK-FULL DEPTH MEASUREMENTS: YAZOO
BASIN

Table. 1. Modern LMR MB 1 (post-levee) Hbf values measured from Memphis, TN to
Vicksburg, MS according to cross-sections published by Saucier (1964, 1967)
And Saucier and Kolb (1967, 1979).

Cross-Section Hbf
(m)

Reference

MR Valley
Quadrangle

Saucier (1964)
Saucier (1964)

Memphis
A to A’
Horeshoe Lake A to A’
B to B’
Ferrell
A to A’
Mellwood
B to B’
Lamont
A to A’
C to C’
Greenville
A to A’
B to B’
Readland
A to A’
B to B’
Mayersville
A to A’
Alsatia
A to A’

Saucier and Kolb (1967)
Saucier and Kolb (1967)
Saucier and Kolb (1967)
Saucier and Kolb (1979)
Saucier and Kolb (1979)
Saucier and Kolb (1967)
Saucier (1967)
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Avg.
Hbf (m)

25.6 = 25.1
22.8
23.1
25.9
25.9
24.4
22.9
27.4
20.7
26.5
28.7
22.3
29.6

Table. 2. Late - Holocene LMR MB 1 (pre-levee) Hbf values measured from abandoned
channels located from Memphis, TN to Vicksburg, MS according to crosssections and associated sediment cores published by Saucier (1964, 1967) and
Saucier and Kolb (1967, 1979).

Reference

MR Valley Cross-Section Core #
Quadrangle

Hbf
(m)

Saucier (1964)
Saucier (1964)

Memphis
Latour

21.3 = 23.5
28.0
24.4
27.4
22.8
18.3
26.5
25.3
22.9
20.7
27.4
21.3
25.0
26.5
21.3
26.8
19.8
18.3
18.3
15.2
18.9
24.4
19.8
22.0
25.9
33.5
25.3
30.5

Saucier and Kolb (1967) Farrell

B to B’
A to A’
B to B’

Saucier and Kolb (1967) Mellwood

A to A’
B to B’
A to A’

Saucier and Kolb (1967) Big Island

A to A’

Saucier and Kolb (1979) Big Island
Saucier and Kolb (1967) Lamont

A to A’
A to A’

Saucier and Kolb (1979) Lamont

C to C’

Saucier and Kolb (1967) Greenville

A to A’
B to B’
A to A’
B to B’
A to A’
C to C’
B to B’
B to B’

Saucier and Kolb (1979) Greenville
Saucier and Kolb (1979) Readland
Saucier and Kolb (1979) Mayersville
Saucier (1967)
Alsatia
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CP-112-1
P2
P1
48
SC8
SC20
MZ-2
HL-4A
CE-16
CE-4
CP-184-5
PR-3
CE-36
CE-20
VB-3
CE-1
CP-198-P-3
RE-8
CE-41
RO-28
SP-631
MB-2A-63
AO-86
G109
C-12-63U
CR-1-62
CP-225-2
WP-1

Avg.
Hbf (m)

Table. 3. Hbf values for Holocene LMR MB 2 abandoned channels according to crosssections coupled with sediment cores published by Saucier and Kolb (1979).

Reference

MR Valley Cross-Section Core #
Quadrangle

Saucier and Kolb (1979) Tutwiler

Saucier and Kolb (1979) Sumner
Saucier and Kolb (1979) Schlater
Saucier and Kolb (1979) Greenwood

Saucier and Kolb (1979) Mileston
Saucier and Kolb (1979) Valley

A to A’
B to B’
B to B’
D to D’
D to D’
D to D’
C to C’
D to D’
D to D’
B to B’
D to D’
C to C’
C to C’

K 42
K 28
71a
D 10
O-38
SC-14
E 28
Y-9-64
S-18-66
C-34-58
J 14
A-016
W-1

Hbf
(m)

Avg.
Hbf (m)

17.4 = 18.4
19.8
15.9
16.8
16.8
15.2
18.3
18.3
18.9
19.8
21.3
19.8
20.4

Table. 4. Hbf values for Holocene LMR MB 3 abandoned channels according to crosssections coupled with sediment cores published by Saucier and Kolb (1979).

Reference

MR Valley Cross-Section Core #
Quadrangle

Saucier and Kolb (1979) Clarksdale

Saucier and Kolb (1979) Sumner

Saucier and Kolb (1979) Cleveland

Saucier and Kolb (1979) Baird
Saucier and Kolb (1979) Auter

Saucier and Kolb (1979) Swan Lake
Saucier and Kolb (1979) Bayland

A to A’
B to B’
C to C’
B to B’
C to C’
C to C’
C to C’
B to B’
C to C’
C to C’
D to D’
B to B’
C to C’
C to C’
C to C’
D to D’
D to D’
A to A’
87

K-52
S-2
C-24
S-5
F-39
18
D-14
J 16
Q-45
CL 18
L 23
BA-21B
T-29
Q-O84
AU-60
AU-5
4-66U
LO-16

Hbf
(m)

Avg.
Hbf (m)

24.4 = 20.1
22.9
26.5
20.4
23.2
18.3
21.3
20.4
17.7
19.2
18.3
18.9
17.1
17.7
16.8
18.3
18.9
21.3

Table. 5. Hbf values for Holocene LMR MB 4 abandoned channels according to crosssections and associated sediment cores published by Saucier and Kolb (1979).

Reference

MR Valley Cross-Section Core # Hbf
Quadrangle
(m)

Saucier and Kolb (1979) Mossy Lake

A to A’
C to C’
D to D’

J-2
P-3
K-47

Avg.
Hbf (m)

21.3 = 21.5
22.0
21.3

Table. 6. Hbf values for Holocene LMR MB 5 abandoned channels according to crosssections and associated sediment cores published by Saucier and Kolb (1979).

Reference

MR Valley Cross-Section Core #
Quadrangle

Saucier and Kolb (1979) Marks
Saucier and Kolb (1979) Tutwiler

Saucier and Kolb (1979) Phillip

Saucier and Kolb (1979) Greenwood
Saucier and Kolb (1979) Seven Pines

A to A’
B to B’
A to A’
A to A’
A to A’
C to C’
B to B’
C to C’
C to C’
D to D’
A to A’
A to A’
B to B’
D to D’
D to D’
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A-53
B-15
G 25
H 27
G 36
K-33
P 24
K 15
KX-3
P 22
G-21
L-233
AC-56
PC-2-73
L-53

Hbf
(m)

Avg.
Hbf (m)

23.5 = 25.9
23.5
24.4
22.9
26.5
22.0
24.4
29.0
32.0
26.8
26.5
22.9
28.0
30.5
25.0
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